The effects of 100 and 200 μM methyl jasmonate (MJA) on cell proliferation and paclitaxel and baccatin III production were investigated in free and alginate immobilized cells of Taxus baccata growing in a selected product formation culture medium. The greatest accumulation of paclitaxel (13.20 mg dm -3 ) and baccatin III (4.62 mg dm -3 ) occurred when 100 μM MJA was added to the culture medium of cells entrapped using a 1.5 and 2.5 % alginate solution. The effects of different treatments on the viability of cultured cells and their capacity to excrete both taxanes into the surrounding medium were considered.
Introduction
Paclitaxel (taxol; NSC-125973), a secondary metabolite of the Taxus species, has been recognized as the best anticancer drug to have emerged in the past 20 years. However, due to the difficulties in obtaining this compound from yew trees the clinical use of paclitaxel has been limited, which has motivated the development of alternative production sources. An alternative approach for obtaining paclitaxel is semisynthesis from more abundant taxanes, for example, via the conversion of baccatine III isolated from the needles of yew trees (Hezari et al. 1997) . Another alternative for the production of paclitaxel and related taxanes is the use of cell cultures. Total synthesis is not commercially viable because of the high cost of the process (Nicolau et al. 1994) .
The accumulation of paclitaxel and related taxanes in Taxus plants is thought to be a biological response to specific external stimuli (Yukimune et al. 1996 , Yu et al. 2005 . Exogenously applied methyl jasmonate enhances production of secondary metabolites in a variety of plant species, and in particular it is the most effective chemical for eliciting taxane production in various Taxus suspension cultures (Yukimune et al. 1996 , Ketchum et al. 1999 , Cusidó et al. 2002 , Ketchum et al. 2003 , Tabata 2004 . Moreover, the development of Taxus cell cultures capable of producing significant amounts of paclitaxel and related taxanes, and inducible by elicitation with methyl jasmonate provides an excellent tool to improve our understanding of how the biosynthesis of these compounds is regulated in vitro. Seki et al. (1997) reported an immobilized Taxus cell system but did not experiment with elicitation, and in our recent work, also using a T. baccata cell line (Bentebibel et al. 2005) , the main proposal was to study the effects of immobilization and scale-up on the production of both taxanes. The purpose of this work is to study the effect of methyl jasmonate, concentration and cell immobilization on cell viability, growth rate and production of paclitaxel and its synthetically useful progenitor baccatin III.
Materials and methods
Taxus baccata L. cell suspension was maintained in 175-cm 3 flasks (Sigma, St. Louis, MO, USA) in the dark at 25 0.2 ºC and 100 1 rpm in a shaker-incubator (Adolf Kühner AG, Basel, Schwitzerland). Every 10 -12 d 1 0.2 g of cells were used as inoculum in 10 cm 3 of Gamborg's B5 medium (B5; Gamborg et al. 1968) with 0.5 % sucrose + 0.5 % fructose, 2 mg dm -3 of naphthaleneacetic acid (NAA) and 0.1 mg dm -3 of benzylaminopurine (BAP), which has previously been demonstrated as optimum for the cell suspension growth . All flasks were capped with Magenta B-Caps (Sigma).
Sodium alginate, at the concentrations 1.5, 2 and 2.5 %, was used for immobilization of cells, using the technique described by Gilleta et al. (2000) . Considering that the paclitaxel production in Taxus cell cultures takes place mainly when the linear growth phase has finished and the culture is at the beginning of its stationary growth phase (Srinivasan et al. 1996 , Fett-Neto and DiCosmo 1997 , Cusidó et al. 2002 , 2 0.2 g fresh mass of free cells grown for 13 d in the growth medium, were mixed with 10 of a sterile solution of sodium alginate of high viscosity (Sigma) and then dropped into 100 of a 2.5 % sterile calcium chloride solution to form biocatalyst beads by ionotropic gelation of alginate. The beads were transferred to 10 cm 3 of B5 medium with 3 % sucrose, 2 mg dm -3 of Picloram and 0.1 mg dm -3 of kinetin, which had previously been selected as optimum for both paclitaxel and baccatin III yield , and they were then submitted to the same culture conditions as free cells. Cultures of free cells were performed with cells in their stationary growth phase growing in the product formation medium supplemented with 100 or 200 M methyl jasmonate (MJA) or without the elicitor (control) at day 0 of the culture cycle (Yukimune et al. 1996) . Equal volumes of ethanol were added to all cultures. All compounds were sterilized by filtering through 0.22 m sterile filters (Millipore, Billerica, USA). For analysis, five flasks from each treatment were harvested at 6 h after subculturing (day 0) and subsequently at days 8, 16, 24 and 38.
The bead samples were removed from the immobilized cell cultures. The calcium alginate support was dissolved by adding 20 cm 3 of EDTA-phosphate solution (0.1 and 0.2 M, respectively) and stirring for 30 min. The liberated cells and free cultured cells were filtered on preweighed Whatman filters No. 42 and fresh mass was determined. They were then lyophilised to obtain dry mass and analysed to determine their content of paclitaxel and baccatin III. Cell viability was estimated with fluorescein diacetate (FDA) staining as described by Duncan and Widholm (1990) .
Taxanes were extracted from lyophilised cells and the culture medium as described by Cusidó et al. (1999) . Quantification of paclitaxel and baccatin III was performed according to Grothaus et al. (1995) using an indirect competitive enzyme immunoassay (CIEIA). In order to determine the accuracy of this method a previous quantification of taxanes in cell extracts from shake flask cultures of free cells grown in control conditions was performed by CIEIA and high performance liquid chromatography (HPLC) (Bentebibel et al. 2005) . HPLC analyses were carried out as described in Bonfill et al. (2003) . Paclitaxel and baccatin III-protein, coating antigen, anti-paclitaxel and anti-baccatin III monoclonal antibodies and the corresponding standards were obtained from the Hawaii-Biotechnology Group (Aiea, Hawaii, USA).
Results and discussion
Effects of methyl jasmonate on free cultured cells: The time courses of growth of T. baccata free cells in their initial stationary growth phase growing in a selected product formation medium with 100 or 200 M MJA or without the elicitor (control) are compared ( Fig. 1) . Although the increase in cell biomass was higher in elicited than control cultures, in neither concentration were these differences notable. Moreover, in all cases the biomass increased slightly, without the typical linear growth phase usually obtained during the growth course of a cell suspension culture. When the concentration of MJA added to the production medium was 100 M, the cell biomass reached a maximum of 9 g dm -3 on day 24. The same maximum biomass was reached with 200 M but on day 16. In both cases this represented an increase of 5 g in relation to the initial biomass. These relatively small increases of biomass indicated that the cells cultured in presence of MJA remained in stationary growth phase throughout the culture period. This was satisfactory for our aims since, as previously mentioned, in Taxus cell cultures the biosynthesis of paclitaxel and baccatin III mainly takes place when the culture is in its stationary growth phase. As cells in this state are characterised by limited rates of cell division, it has been considered that products from primary metabolism are accumulated and/or they are available for secondary metabolite production (Hall et al. 1988) . It is of interest that the viability percentage of cultured cells was always more than 75 % (data not shown), indicating that the low growth rate observed was not a consequence of cell lysis.
Jasmonates inhibit growth mainly by the disruption of cortical microtubules (Koda et al. 1996) , a phenomenon ubiquitous in plants. However, under conditions of this work, the biomass was affected to a greater degree by the culture medium composition than by the MJA concentration. Our findings are consistent with the previous results of Ketchum et al. (1999) , who examined the effect of MJA on paclitaxel accumulation in three cell lines of T. canadensis over a 2-year period, and postulated that, within a cell line, there was no difference in cell growth between elicited and nonelicited cell cultures. In contrast to the minimal effect of MJA elicitation on cell growth, considerable differences in total (cellassociate + extracellular) paclitaxel and baccatin III content were observed in the cells grown in medium supplemented with 100 or 200 M MJA. The maximum total paclitaxel content was 4.25 mg dm -3 on day 24 in the presence of the 100 M MJA, though that observed on day 16 (4.02 mg dm -3 ) was almost as high. These quantities of paclitaxel were about 2.7-fold greater than the maximum achieved in the treatment with 200 M MJA (1.49 mg dm -3 on day 16) The maximum total baccatin III content was 2.4 mg dm -3 on day 24 in presence of 100 M MJA, being 0.75 mg dm -3 in presence of 200 M MJA. Compared to the maximum total content of this taxane in the control (0.73 mg dm -3 on day 24), it seems evident that only the 100 M MJA clearly increased the yield of baccatin III. As the cell growth during the culture period considered was similar, it seems clear that the stimulating effect of 200 M MJA on the synthesis and/or activation of certain enzymes involved in the formation of both taxanes was considerably lower than that of 100 M MJA, which supports the previous observation (Yukimune et al. 1996) that the MJA concentration used is critical for the maximum effect on Taxus cell cultures. In a previous work (Ketchum et al. 1999) , it has been demonstrated that the greatest accumulation of paclitaxel occurs when MJA is added to Taxus cell cultures at a final concentration of 200 M. This difference may be partly attributable to the fact that these authors cultured a different species, T. canadensis, or that they analysed only the extracellular taxanes present in the cell-free medium, whereas we assayed the total content (cellassociate + extracellular) of paclitaxel and baccatin III. Furthermore, the amounts of paclitaxel and baccatin III secreted from day 8 to day 38 (Fig. 2) into the culture medium by productive cells (i.e. the extracellular content) were affected by the treatment with 100 or 200 M MJA. Compared to the excretion percentage averages in the untreated control (37 % for paclitaxel and 44 % for baccatin III), those of the cultures supplemented with 100 M MJA were practically the same for both taxanes, while when the elicitor concentration was increased to 200 M the excretion percentage was slightly lower (32 %) for paclitaxel but considerably higher (70 %) for baccatin III. Currently, the reason why some taxanes are accumulated and others are excreted by cells is unknown. However, the capacity of Taxus cells to excrete accumulated taxanes into the culture medium is an important factor since this accumulation may limit biosynthesis (Seki et al. 1997) , possibly by means of a feedback inhibition mechanism.
Effects of MJA on immobilized cultured cells:
The biomass production of cells within calcium alginate beads, also in their stationary growth phase, determined at days 8, 16, 24 and 38 of the culture (Fig. 3) , was increased by 100 M MJA regardless of the concentration of the alginate solution used for cell immobilization. The maximum biomass formed within the beads prepared with 1.5, 2 and 2.5 % alginate was, in presence of 100 M MJA, only 4, 4, and 5 g greater, respectively, than the initial biomass of 4 g(d.m.) dm -3 , and in presence of 200 M MJA the corresponding values were only 2, 3, and 3 g greater. As observed for free cultured cells, these relatively small increases of biomass after a culture period of 38 d indicated that the immobilized cells also remained in stationary growth phase during the considered period. Villegas et al. (1999) and Gilleta et al. (2000) demonstrated that cells of Eschscholtzia californica and Nicotiana tabacum immobilized in alginate calcium beads show a growth rate that is not as high as that of free growing cells, but considerably greater than the growth rate obtained for our T. baccata immobilized cells. These differences may be partly attributable to the fact that these authors, apart from using species with a much faster growth rate than that of Taxus, immobilized the cells in their linear growth phase. Furthermore, they did not use culture media that Fig. 3 . Time courses of biomass accumulation and total (cell-associated + extracellular) paclitaxel and baccatin III yield by T. baccata alginate-entrapped cells using 1, 1.5 and 2.5 % alginate solution and medium with 100 or 200 μM methyl jasmonate. In all cases, the inoculum consisted of 100 g of cells in stationary growth state per dm -3 of medium. Data represent average values from 5 separate experiments SE. specifically stimulate the production of the secondary metabolites. Cell immobilization noticeably stimulated the production of both taxanes, although there were differences according to the alginate concentration used for cell immobilization and the presence of 100 or 200 M MJA in the culture medium. In presence of 100 M MJA, the maximum accumulation of paclitaxel (13.20 mg dm -3 ) was achieved at day 24 when using the 1.5 % alginate, while the maximum accumulation at higher alginate concentrations of 2 and 2.5 %, was achieved at the end of the culture (10.85 and 11.90 mg dm -3 , respectively), and was clearly lower. However, the maximum accumulation of baccatin III (4.62 mg dm -3 ) was achieved at day 24 using the 2.5 % alginate, while when using 2 and 1.5 % alginate, the maximum production of the taxane was obtained at day 8 (3.21 mg dm -3
) and day 24 (2.22 mg dm -3 ), respectively. As indicated for free cultured cells, the capacity of the immobilized cultured cells to form paclitaxel and baccatin III decreased noticeably when the concentration of MJA was increased from 100 to 200 M. The highest total paclitaxel content in presence of 200 M MJA (5.16 mg dm -3 ) was reached at day 24 when using 2 % alginate. Compared to the highest content of the paclitaxel in presence of 100 M MJA (13.20 mg dm -3 ), this content was 2.5-fold lower. Regarding the highest total baccatin III content of 3.82 mg dm -3 , also reached at day 24, but in this case using 2.5 % alginate solution, this was only 1.2-fold lower than that of 4.62 mg dm -3 obtained in presence of 100 M MJA. It thus seems that the lower elicitor concentration promoted the accumu-lation of paclitaxel more strongly than that of baccatin III. The increase in the paclitaxel content in 100 M MJA-treated cultures of immobilized cells was considerably higher than in free cultured cells (see Fig. 1 ). However, in the case of baccatin III this increase was minimal.
On the other hand, as can be deduced from the excretion percentage values from day 8 to day 38 (Fig. 4) , the accumulation of paclitaxel and baccatin III in the culture medium (i.e., their extracellular content), was clearly reduced by the cell entrapment in alginate, mainly when the culture medium was supplemented with 100 M MJA. In this case, only an average of 2, 4 and 3 % of total paclitaxel and 31, 18 and 8 % of total baccatin III was released into the liquid medium during the culture of the beads prepared with 1.5, 2 and 2.5 % alginate, respectively. However, when the culture medium was supplemented with 200 M MJA, an average of 45, 20 and 46 % of total paclitaxel and 55, 26 and 65 % of total baccatin III were released into the liquid medium during the culture of the beads prepared with 1.5, 2 and 2.5 % alginate, respectively. The higher extracellular contents of both taxanes in presence of 200 M MJA were not a consequence of cell lysis, hence the viability percentage of entrapped cells (>75 %) was higher than that of those growing in presence of 100 M MJA (65 -70 %). However, from these data it can be deduced that this small viability reduction was related to the highest production level of paclitaxel in presence of 100 M MJA, rather than to the direct effect of methyl jasmonte. It has been reported that apoptotic cell death in suspension cultures of T. chinensis is closely related to paclitaxel accumulation (Yuan et al. 2002) . This is supported by the observation that paclitaxel blocks mitosis at the transition between metaphase and anaphase by stabilizing the microtubules, which subsequently induces cell death (Jordon and Wilson 1995) .
To sum up, using our methods and T. baccata cell line, we observed that immobilization encouraged production of both taxanes, yet very little was secreted. When comparing the highest concentrations of paclitaxel in elicited cultures with the greatest production observed in nonelicited cultures, it is evident that the most significant benefit of using MJA as an elicitor of paclitaxel was the increase in production rate, rather than its ultimate concentration in the medium. Although natural or artificially induced secretion of the accumulated product into the surrounding medium could be considered for the development of a more effective process (Bentebibel et al. 2005) , the enrichment of paclitaxel in the alginate beads does not serve as a basis for its commercial production.
